An E. coli K-12 mutant deficient in S-adenosylmethionine (SAM) synthesis, i.e DmetK, but expressing a rickettsial SAM transporter, can grow in glucose minimal medium if provided with both SAM and methionine. It uses the externally provided (R)-enantiomer of SAM as methyl donor to produce most but not all of its methionine, by methylation of homocysteine catalysed by homocysteine methyltransferase (MmuM). The DmetK cells are also altered in growth and are twice as long as those of the parent strain. When starved of SAM, the mutant makes a small proportion of very long cells suggesting a role of SAM and of methylation in the onset of crosswall formation.
INTRODUCTION
S-adenosylmethionine (SAM) occupies a central role in the metabolism of Escherichia coli, and indeed of all organisms (Iwig & Booker, 2004) . However, its metabolism is not well understood. Until recently, mutants totally deficient in its synthesis could not be isolated because E. coli, and most other micro-organisms, do not transport SAM (Wang et al., 2005) .
The isolation of mutants totally deficient in SAM synthase became possible when the group of D. O. Wood isolated a SAM transporter from Rickettsia prowazekii (Tucker et al. 2003) and cloned it into an E. coli plasmid, allowing a mutant deficient in metK to grow in rich medium with an exogenous SAM supply (Driskell et al., 2005) . This demonstrated that the only function of SAM synthase in cells grown in rich medium was to provide SAM. This study uses this transporter, kindly provided by Dr Wood, to study SAM metabolism in further detail.
SAM is involved in a wide variety of metabolic roles including methylation of many small molecules and of macromolecules (DNA, RNA and others), synthesis of spermidine, and formation of the catalytic group of a diverse group of radical SAM enzymes (Greene, 1996; Grove et al., 2011) . This versatility depends on the sulfur atom of its chiral sulfonium group, which carries three activated substituents: methyl, aminopropylcarboxylate and 5-deoxyadenosine groups each involved in different sorts of reactions. Indeed, many of these reactions of SAM generate products whose further metabolism is not understood in detail (Sekowska et al., 2000) .
This highly reactive nature of SAM is reflected in its synthesis from methionine by the enzyme SAM synthase (EC 2.5.1.6, encoded by the metK gene) (Fig. 1 ) in a reaction which takes advantage of all three ATP phosphates to produce the reactive sulfonium (Markham et al., 1980) :
This molecule has two chiral atoms, the alpha carbon which carries the amino group and the sulfonium sulfur. The alpha carbon, as in most biological amino acids, can exist as D-and L-enantiomers. For most amino acids, the two forms do not interconvert spontaneously. In addition, the sulfur atom is chiral and can exist as (R)-and (S)-enantiomers, which interconvert spontaneously.
As indicated in Fig. 1 , the two forms have different metabolic fates. The (S) form is made by SAM synthase (MetK) and serves as a methyl donor via conversion to adenosylhomocysteine. The (R) form is not synthesized by E. coli but is formed by spontaneous epimerization, or taken up in the SAM provided externally. It cannot provide methyl groups, but it can be converted to methionine via the enzyme homocysteine methyltransferase (MmuM).
The synthesis of SAM begins with the conversion of homoserine to homocysteine through three enzymic steps catalysed by MetA, MetB and MetC (Fig. 1) . Homocysteine is methylated to form methionine via one of at least three enzymes using two possible methyl donors. Two of the enzymes, the well-known methionine synthases (EC 2.1.1.14 and EC 2.1.1.13) coded by the metE and metH genes respectively, use methyl-tetrahydrofolate (methyl-THF) as the methyl donor. The third methionine synthase, homocysteine methyltransferase (EC 2.1.1.10, coded by mmuM) uses (R)-SAM as its source of methyl groups. Though most E. coli methyltransferases use SAM as a methyl donor, methyl-THF is the donor for SAM synthase and thus the precursor of all endogenously synthesized E. coli methyl groups.
In this paper, we characterize a metK-deficient strain of E. coli and show that SAM supports the growth of a metK mutant in minimal medium, just as it does in Luria broth. However the mutant does not grow with SAM alone but also requires methionine. We show that MmuM is required for the use of (R)-SAM as the source of most of its methionine and that a metK mutant also deficient in MmuM requires much more methionine than one which has MmuM activity.
METHODS
General methods. The E. coli K-12 strains and plasmids used in this study are listed in Table 1 . Minimal medium, growth conditions and genetic methods are as previously described (Su & Newman, 1991) . Supplements were used at the following concentrations: glucose 0.2 % (w/v), chloramphenicol 25 mg ml 21 , tetracycline 10 mg ml 21 . For routine growth, SAM and methionine were used at 100 mM and 80 mg ml 21 respectively, except where otherwise noted.
SAM preparation and purification. For routine growth, SAM was purchased as 200 mg tablets of the food supplement SAM-e (FoodScience of Vermont). Two tablets were ground and dissolved in 5 ml 6 % perchloric acid, then centrifuged to pellet the insoluble material. The supernatant was mixed with 2.5 ml Reinecke's salt (20 mg ml 21 in water), stored at 4 uC overnight then centrifuged, The pellet was washed twice with water, resuspended in 3 ml methyl ethyl ketone and mixed with 3 ml 0.05 M H 2 SO 4 . The mixture was left standing until phase separation and the organic phase (red) was discarded. This cleaning step with methyl ethyl ketone was repeated until the disappearance of the red colour from the organic phase. The remaining solvent was left to evaporate and the purified SAM solution was stored as aliquots at -20 uC. An estimate of the real concentration of SAM was obtained by measuring the absorbance at 260 nm using an extinction coefficient of 15 400 M 21 cm 21 . All steps in the purification and preparation of SAM-e were done in ice water. Unless otherwise specified, the SAM used in most of the experiments is Reinecke-precipitated SAM-e prepared as above.
Microscopy. All photographs in this paper were taken with a Leica DMIRE2 microscope. Cells were fixed as previously described (Zhang et al., 2010) .
Measuring cell lengths. Photographs of fixed cells were measured using the ObjectJ plugin of Image J (Rasband, W.S., ImageJ, http:// imagej.nih.gov/ij/; Vischer, N.O.E, ObjectJ, http://simon.bio.uva.nl/ objectj). The plugin was set to automatically measure all cells in each field, then each treated photograph was examined visually and incomplete cells and contaminating materials were manually discarded, as were cells with visible constrictions. Cells that were too long for ObjectJ were manually measured. To create the histogram, data were transferred to Excel and the frequency distribution was plotted as percentage of total cells. To ensure statistical significance, more than 1000 cell lengths were used for each condition.
Construction of plasmid pSAMT. The gene coding for the SAM Transporter (RP076) was amplified by PCR with Taq polymerase from pMW1402 (Tucker et al., 2003) using SAM-F (59-TTGGTA-CCTAATGAATGATGCATTAAAAAC-39) and SAM-R (59-TTGGA-TCCTTACTGCGATTCATGTTTGC-39) which amplified the transporter gene and provided KpnI and BamHI sites respectively. The 902 bp product was purified, digested sequentially with BamHI and KpnI and inserted into pLtet01 cut with the same enzymes. The ligated plasmid was used to transform DH5a competent cells by electroporation, with selection on LB chloramphenicol plates. Plasmid was extracted from several colonies, and tested with the appropriate restriction enzymes. A plasmid with the appropriate characteristics was used under the name pSAMT.
Construction of strain MEW649 (MEW1 DmetK pSAMT). Strain MEW649 was constructed in three steps. First DserA : : kan was transduced to strain MEW1 from strain JWK2880 using P1 phage. The resulting MEW1 DserA : : kan was then transformed with pSAMT. Finally DmetK was transduced from strain MEW648 by linkage to serA, selecting on glucose minimal medium with SAM and methionine. SAM-requiring, serine-independent, kanamycin-sensitive transductants were purified. Strains with a metK deletion confirmed by PCR were studied under the name MEW649.
b-Galactosidase assay. Seven met reporter plasmids (pmetA, pmetB, pmetC, pmetE, pmetF, pmetK and pmetR) were constructed by PCR On: Wed, 16 Jan 2019 02:51:10 amplification of the natural met gene promoters and operator sequences and fusion of them to the promoterless lacZ gene on vector pMC1871 (Peng, 2008) . The integrity of the cloned promoter region on each plasmid was confirmed by sequencing. b-Galactosidase activity was assessed by the method of Miller (1972) and is expressed in Miller units.
Dose-response curves. To assay the dose-response of MEW649 to SAM and methionine, the strain was grown in minimal medium with excess SAM and methionine, then diluted 20006 in minimal medium or LB, either with SAM in excess and a range of methionine concentrations, or with methionine in excess and a range of SAM concentrations. The dilutions were set up in triplicate, with one being in a sidearm flask, and all flasks were incubated aerobically in a 37 uC shaker. After 24 h, the sidearm flask was used to measure the density of the culture using a Klett colorimeter. Measurements were taken every 2 h until the Klett readings from all sidearm flasks in the experiment were stable over 4 h. Samples were then taken from each flask to measure the OD 600 and to extract proteins.
To quantify total protein, cells were fixed by adding trichloroacetic acid (TCA) to 5 % directly into a 1 ml sample and incubated for 30 min. The cells were centrifuged and the pellet was washed with 1 ml TCA (5 % in water), then resuspended in 1 ml 100 mM NaOH. This lysate was then used for protein quantification using the Bio-Rad Protein Assay following the manufacturer's protocol and using BSA to draw a standard curve. Assay reactions were incubated for 5 min before reading at OD 595 .
RESULTS
Growth of a DmetK mutant in minimal medium requires methionine
When we showed that SAM synthase function is essential in E. coli, we could not determine whether an external supply of SAM can replace the enzyme since E. coli has no SAM transporter of its own (Wei & Newman, 2002) . However, Driskell et al. (2005) showed that the SAM transporter they cloned from R. prowazekii allowed an E. coli DmetK strain to grow in LB with exogenous SAM when synthesis of the transporter was induced. LB of course contains many compounds known and unknown. To determine whether anything other than SAM was required for growth in minimal medium, we constructed strain MEW649 with a metK deletion and the plasmid-carried SAM transporter as described in Methods. This strain MEW649 (DmetK pSAMT) required both SAM and methionine to grow on minimal glucose plates but could not grow in the absence of either or both (Fig. 2) . It is clear that in minimal medium, addition of SAM is insufficient, and only one other metabolite, methionine, is required by a SAM synthase deficient strain. This is consistent with the fact that expression from all the promoters of the methionine biosynthetic genes is repressed by SAM and MetJ (Lawrence et al., 1968; LaMonte & Hughes, 2006) so that an adequate supply of methionine cannot be synthesized in the presence of SAM.
By following light scattering with a Klett colorimeter, we measured very similar growth rates for strains MEW1 and MEW649: 25 and 28 min respectively in LB, 56 and 55 min respectively in minimal medium. To study growth more quantitatively, we grew cultures to saturation at a variety of SAM concentrations in both LB and minimal medium, noting the final culture density at constant OD 600 , and also measured the amount of protein in a culture aliquot as an indication of biomass formed (Fig. 3a, b ). In LB, like Dr Wood's group, and also in minimal medium, we found that the final culture density at constant OD 600 , and the biomass produced, were roughly proportional to the SAM concentration. However the density was much lower in minimal medium than in LB. This is consistent with SAM being needed in minimal medium for biosyntheses that are not necessary in LB, and also with the inherent instability of SAM leading to more SAM degradation during the longer time needed for growth in minimal medium. SAM , light grey bars) and MEW649 (dark grey bars) were grown in minimal medium with methionine, and in the case of MEW649 with SAM, then diluted 2000¾ into minimal medium with the methionine concentrations noted, and in the case of MEW649 also with 100 mM SAM. In all experiments, the optical density was recorded and the proteins were extracted after the OD 600 readings were constant for at least 4 h. All conditions were done in triplicate and each experiment was reproduced with similar results. Error bars represent the standard deviation of the mean.
is highly unstable in liquid except at acid pH (Krijt et al., 2009; Iwig & Booker, 2004) , and particularly in bacterial media at 37 u C. Because the cells grow faster at high SAM concentrations, a greater proportion of the exogenous SAM can be used for growth, and less is wasted by SAM degradation.
While growth of strain MEW649 was proportional to SAM, as it is with a host of other externally provided metabolites, it showed a much lower than expected requirement for methionine (Fig. 3c) . Addition of 100 ng methionine ml 21 allowed as much growth as 20 mg methionine ml
21
. This is much less than the amount required for growth of a mutant lacking one of the enzymes of homocysteine biosynthesis i.e. a metB-mutant lacking cystathionine synthase (Fig. 3c) , or the amount used in early pathway studies (Hunter et al., 1975) . It seems that MEW649 requires a small amount of exogenous methionine for its growth but has some other source for most of its methionine.
Alternative sources of methionine: SAM contamination?
The simplest explanation for the low methionine requirement would be that our stock SAM might be contaminated with methionine or a compound convertible to methionine. We therefore grew strain MEW112, the metBmutant, without the SAM transporter in medium containing various concentrations of SAM or methionine. We found that the metB 2 strain produced the same culture density with 200 mM SAM as with 1 mg methionine ml 21 (data not shown). Our stock SAM is maintained in sulfuric acid (50 mM) in which it is quite stable but might degrade slowly. We therefore prepared a new SAM stock and found it supported the same growth as the one that had been at 220 u C for a few weeks. This suggests that SAM purified by the Reinecke method used in this work contains some methionine, a conclusion also reached by Detchanamurthy et al. (2010) .
We conclude that a culture containing 100 mM SAM also has the equivalent of 0.5 mg methionine ml
21
. If this compound were actually methionine, MEW649 would grow on SAM without methionine. However since the contamination is so small, the amount of SAM required to provide significant amounts of methionine would be so large as to be toxic in its own right. We therefore consider that SAM as usually prepared contains small amounts of methionine, but well below the level of methionine needed by an E. coli biosynthetic mutant for growth.
Regulation of expression of methionine biosynthetic genes in MEW649
Considering that a metB mutant needs 20 mg methionine ml 21 for growth, and strain MEW649 needed only 600 ng methionine ml 21 provided exogenously or as a contaminant of the SAM stock, the strain must derive most of its methionine (about 19 mg ml 21 ) by de novo synthesis from glucose, or in some other way. De novo synthesis of methionine is carried out by the metA,B,C,E gene products starting with homoserine ( Fig. 1) . To test whether strain MEW649 actually expressed these genes, we constructed plasmid-carried fusions of the promoters of these and other possibly relevant genes to lacZ and measured bgalactosidase activity of cells growing in exponential phase in minimal medium with SAM and methionine, and of cells incubated for 4 h without SAM. As can be seen in Table 2 , all the promoters (metA, metB, metC, metE, metF, metK and metR, the last coding for a methionine synthesis regulator) were expressed at lower levels in the presence of SAM. Thus the mutant expresses all the enzymes needed to synthesize methionine. However since SAM and methionine together inhibit the first enzyme (Lee et al., 1966) , the mutant may not be able to use this biosynthetic capacity.
Effect of deletion mutations in two possible methionine biosynthetic pathways
The preceding experiment showed that all of the met genes are expressed in MEW649 but could not indicate whether the enzymes are needed or indeed even used. Moreover, MmuM could provide an alternative source of methionine in the MEW649 mutant (Fig. 1) . We therefore took advantage of the remarkable Keio strain collection provided to the scientific community (Baba et al., 2006) and made derivatives of MEW649, in each of which one of the biosynthetic genes metA, metB, metC or metE was deleted, as well as one in which the mmuM gene was deleted, whose product donates the methyl group from SAM to homocysteine to form methionine. We tested the growth of each of these deletion strains with 0, 0.1 and 10 mg methionine ml
21
. Strain MEW649 needs only 0.1 mg ). In fact, deletion of any of the pathway genes or of mmuM eliminated the ability of the strain to grow with low methionine (Table 3) . Deletion of mmuM did not interfere with growth of our parental strain, MEW1.
We conclude that MEW649 has a triple requirement: firstly the usual methionine biosynthesis pathway in its entirety, secondly the enzyme that donates a methyl group from SAM to homocysteine, MmuM, and thirdly, a very small amount of external methionine.
Conversion of SAM to methionine
Though this has often been ignored by ourselves and others, SAM exists as several enantiomers as summarized in Fig. 1 . Relevant to this work are the enantiomers of the chiral sulfur, (S)-SAM and (R)-SAM. SAM synthase makes only (S)-SAM but MmuM uses only (R)-SAM. Commercially available SAM (such as the SAM-e we use) is a mixture of (S)-SAM and (R)-SAM, usually of unknown proportions though close to 50 % of each at equilibrium. We compared production of methionine from enzymic SAM produced by SAM synthase in vitro, a very kind gift of Squire Booker and his group, and which is presumably pure (S)-SAM, to production from Reinecke-precipitated SAM-e which is presumed to be 50 % (R)-SAM (Fig. 4) . It is clear that when SAM-e is used, the requirement for exogenous methionine is low, as described above. When enzymic SAM was used, the methionine requirement was higher and growth was proportional to the amount of methionine provided. This is consistent with the idea that SAM-e is a mixture of (R)-SAM and (S)-SAM, of which (R)-SAM can be converted to methionine and (S)-SAM cannot. Enzymic SAM at least shortly after synthesis consists almost entirely of (S)-SAM and cannot be used as a source of methionine.
(R)-SAM and (S)-SAM
If enzymic SAM is largely (S)-SAM, and SAM-e is 50 % (R)-SAM, about half of SAM-e should not be useful as SAM, though it is perfectly useful as a methionine source. After the Reinecke purification, SAM is usually quantified by absorption at 260 nm, but this probably includes various degradation products as well, and the discrepancy may be much more than twofold. To test this, we Strain MEW649 was grown in minimal medium with enzymic SAM and methionine, then diluted 2000¾ into the same medium with 80 mg methionine ml "1 and the SAM concentration noted of either commercial SAM-e (dark grey) or enzymic SAM (light grey). The graphs represent the mean of the OD 600 (a) and the total protein (b) from each condition. The optical density was recorded and the proteins were extracted after the OD 600 readings were constant for at least 4 h. All conditions were done in triplicate and the experiment was reproduced twice more with similar results. Error bars represent the standard deviation of the mean. compared the yield per mmol of each kind of SAM both in LB and in minimal medium (Table 4) .
As in the earlier experiment (Fig. 3) , the yield in minimal medium is much lower than the yield in LB, whether considered as OD 600 or as protein. Considering only the protein yields for the lower values of SAM, which are clearly nonlimiting for growth, the yield per mmol of SAMe in LB is about 126 the yield in minimal medium. For enzymic SAM the difference is around 46.
The yields for enzymic SAM in LB and minimal medium are around 26 and 46 those from SAM-e. It is clear that enzymic SAM is used more efficiently to make cell material than SAM-e, presumably because all of it exists as (S)-SAM, which is used for a host of cellular reactions, and none of it is (R)-SAM, which can only be used by MmuM to generate methionine.
The ability of the metK84 mutant to use exogonously provided SAM
In our earlier work, we showed that expression from the metK promoter is repressed by the regulatory protein Lrp and induced by leucine, which combines with Lrp and removes it from the promoter (Tuan et al., 1990) . Strain MEW402 carries the metK84 mutation, a single base pair change next to the metK promoter, and as a result greatly underproduces SAM synthase unless provided with leucine to increase metK expression (Wei & Newman, 2002 ).
Because we did not have a transporter at that time, we could not show that strain MEW402 could use SAM to relieve its growth defect. However, if the only function of SAM synthase is to make SAM, it should be possible to replace leucine with SAM and its transporter (as long as methionine is also provided). To test this, we transformed MEW402 with the plasmid coding for the SAM transporter (pSAMT), and studied its requirements. The resulting culture divided normally with 100 mg leucine ml
21
, but filamented with the suboptimal concentration of 5 mg leucine ml
, which was depleted during the experiment ( Fig. 5a, b ; Newman et al., 1998) . It also divided as the usual small rods with 100 mM SAM and 80 mg methionine ml
, both in the absence of leucine and with 5 mg leucine ml 21 (Fig. 5c, d) , showing that SAM synthase function could be replaced with SAM. It seems that as SAM is depleted, cell division is inhibited early on, but synthesis of cell mass and elongation remain possible for a longer time. We conclude that an external supply of SAM (accompanied by methionine) overcomes the metabolic problems caused by the metK84 mutation and prevents filamentation.
Dimensions of exponential phase MEW649 cells
MEW649 cells, whether grown in LB or in minimal medium, are considerably larger than cells of their parent, MEW1. To show this, we fixed exponential phase cells (6 h subculture), photographed them and measured the length and diameter using the ImageJ program (see Methods). Cells in 6 h LB cultures (exponential phase) of strain MEW649 were more than twice as long as MEW1 (Table  5 ). The MEW649 cells were also longer in minimal medium, but the difference was less than in LB. Very little difference in width was noted. We conclude that MEW649 cells elongate considerably more than the parent strain before forming a crosswall and dividing.
Effects of SAM starvation on the length of MEW649 cells
If the metK84 filaments form due to SAM starvation, it seems that MEW649 should also filament when starved of SAM. Since the cultures in the experiment of Fig. 3 were grown to constant OD 600 with various concentrations of SAM, most suboptimal, they were thoroughly starved for Table 4 . MEW649 growth with enzymic SAM or commercial SAM-e MEW649 was grown overnight in glucose minimal medium with enzymic SAM and methionine and then washed and diluted into minimal medium or LB with 80 mg methionine ml 21 and the indicated concentration of either commercial SAM-e or enzymic SAM. The optical density was recorded and the proteins were extracted after the OD 600 readings were constant for at least 4 h. Each value represents the mean OD 600 or total protein measurement from triplicate flasks. The experiment was duplicated with similar results. While most of the cells in cultures of the metK84 mutant produced long filaments with 5 mg leucine ml 21 (Fig. 5b) , the MEW649 cultures produced mainly much shorter cells. Fig. 6a shows a graph of length distribution for cells grown in LB with 50 mM SAM (allowing considerable growth but still limiting), and with 200 mM (which is not limiting). The graph clearly shows a Gaussian distribution around a mean length of 2.1 mm for cells grown with 200 mM SAM. The mean length of cells grown with 50 mM was almost three times greater (5.7 mm), and the distribution was heavily skewed towards longer cells, even though the graph only includes cells shorter than 25 mm. However, the starved culture also contained eight extremely long cells, with lengths of 44, 47, 51, 63, 68, 81, 83 and 89 mm, which are not included in the graph. No such cells were seen with 200 mM SAM.
We conclude from the random distribution of cell lengths in the starved culture that SAM starvation makes the timing of division less regular. The formation of the crosswall was occasionally delayed, and once delayed, could resume at any time. It seems that some cells in the population divide at the same length as in non-limiting SAM. However, most of the cells continue to grow without dividing to whatever length they happen to reach, until either growth ceases or division is triggered, both for unknown reasons. Alternatively, cells might have elongated earlier and then divided at the irregular lengths seen.
In order to show the variation in the lengths of the cells, we also show one of the photographs (Fig. 6b) , which is representative of many, though more crowded. Clearly the regulation of MEW649 cell division is strongly affected by a shortage of SAM, but equally clearly MEW649 cells do not make as long and regular filaments as we reported for the metK84 mutant. We think this may be due to the fact that metK84 starvation is much more gradual, because it results from dilution of an enzyme, and whatever enzyme remains can provide enough SAM for the cells to elongate but not to divide. MEW649 starvation results from depletion of a small molecule pool which is likely to happen more quickly.
We conclude that the timing of cell division is reasonably controlled in cultures fed adequate amounts of SAM but that problems occur when SAM is in short supply.
Methylation of chromosomal DNA in SAM-limited cultures
E. coli DNA is normally methylated at specific sequences by the Dam, Dcm and HsdM/HsdS methylases, using SAM as the methyl donor (Marinus & Casadesus, 2009 ). We examined the methylation state of GATC sequences, the target of Dam methylation, at a variety of external SAM concentrations. To Response of the metK84 mutant to SAM. MEW402 (metK84) transformed with pSAMT was grown in minimal medium with 100 mg leucine ml "1 , then diluted 1000¾ into the same medium with 100 mg leucine ml "1 (a), 5 mg leucine ml "1 (b), SAM and methionine (c), and SAM, methionine and 5 mg leucine ml "1 (d). Cells were fixed after 16 h. Bar, 10 mm. Metabolism and cell division in E. coli DmetK do this we grew MEW649 to stationary phase in LB broth with various concentrations of SAM, isolated chromosomal DNA and digested it for 1 h with MboI, which specifically cuts at unmethylated GATC sequences, and DpnI, which cuts methylated GATC sequences (Fig. 7) .
At low concentrations of SAM (5-20 mM) chromosomal DNA is not detectably methylated. At higher but still limiting SAM concentration (40 and 60 mM) more and more methylation is seen. Even at 100 mM SAM, which is not limiting for growth of MEW649 in LB (Fig. 3a) , much of the DNA remains unmethylated (Fig. 7, lane 14) . That is, the cells can grow at very low SAM concentrations without methylating DNA or with limited DNA methylation. When SAM is not limiting growth, other uses of SAM have precedence over DNA methylation so that some DNA remains unmethylated. However, at intermediate SAM concentrations, some DNA is still methylated even though the cell could use the SAM to increase its growth instead. This indicates that the controls on DNA methylation are complex and depend on SAM availability.
DISCUSSION
We show here that strain MEW649, a mutant deficient in SAM synthase, can use exogenously provided SAM for growth in glucose minimal medium if provided with the rickettsial SAM transporter (Driskell et al., 2005) and also given methionine. Neither SAM nor methionine alone will support growth.
Growth was roughly proportional to the SAM concentration both in LB and in minimal medium containing methionine (80 mg ml
21
), as expected since SAM is an essential metabolite for E. coli ( Fig. 2 ; Wei & Newman, 2002) . The amount of SAM required for growth (100-200 mM) was within the same range seen with other metabolites like methionine for a metB 2 mutant (Fig. 3c ) and glycine for a serA mutant (Ambartsoumian et al., 1994) and many others. The biomass produced for a given amount of SAM is much lower in minimal medium than in LB, since the cell in minimal medium has to use some of its SAM to synthesize many compounds that are present in LB.
The variations in proportionality between the amount of SAM and the biomass produced result from the chemical instability of SAM (Iwig & Booker, 2004) . In addition, growth was much slower in minimal medium. The longer time needed to grow the culture allowed considerably more spontaneous SAM degradation and decreased the amount of SAM actually useful to the cells. Nonetheless we can conclude that in the presence of methionine, SAM satisfies the requirements of a metK deficient strain.
Sources of methionine in a DmetK strain
The methionine requirement results from the inhibition of the usual methionine biosynthetic pathway in the presence 14) . DNA was digested with restriction enzymes MboI and DpnI, chromatographed on a 1 % agarose gel and stained with ethidium bromide.
of SAM. SAM and methionine together inhibit the first enzyme of the methionine biosynthetic pathway (Lee et al., 1966) and SAM, when bound to MetJ, represses expression of all the genes coding for the enzymes in this pathway, metA, metB, metC and metE (Lawrence et al., 1968) . We made the original isolation of the metK deletion mutant with both SAM and methionine in the medium for that reason. However, the amount of methionine the mutant required was astonishingly low, around 100 ng ml 21 , compared to a metB 2 mutant, which also lacks the usual pathway but requires 20 mg methionine ml 21 , i.e. 2006 more. MEW649 must therefore derive most of its methionine -but not all -from another pathway.
To synthesize methionine, E. coli converts homoserine to homocysteine and transmethylates that with methyltetrahydrofolic acid to form methionine using one of the homocysteine methyltransferases, either the metE-encoded one (E.C.2.1.1.14) aerobically as in this work, or the metHencoded (E.C. 2.1.1.13) gene product anaerobically (Fig.  1) . If any of the gene products of metA, metC or metE is missing, the DmetK mutant needs methionine at 10-20 mg ml
21
, i.e. the alternative pathway to methionine functions only if homocysteine can be synthesized.
We show here that the alternative pathway involves a third E. coli-encoded homocysteine methyltransferase, MmuM (E.C.2.1.1.10), using SAM as methyl donor. This provides a formal equivalent of the MetE (MetH) homocysteine methyltransferases which use methyl-tetrahydrofolate as methyl donor. A DmetK mutant with a functional mmuM gene product requires a very low level of methionine. Without a functional MmuM, the strain requires the usual higher level of methionine.
We conclude that the DmetK mutant synthesizes most of its methionine from homocysteine using MmuM and the SAM provided in the medium as the methyl donor, an idea suggested to us by William Margolin. MmuM uses at least two methyl donors, either S-methylmethionine or SAM. With methylmethionine as donor, it produces two molecules of methionine according to the reaction:
With SAM as donor, it produces one methionine and Sadenosylhomocysteine according to the reaction:
, previously known as yagD , also plays an essential role in methylmethionine metabolism. A mutant deficient in both metE and metH can grow if given methylmethionine but only if it has a functional mmuM gene . It is thus clear that MmuM is a functional homocysteine-S-methyltransferase using either methylmethionine or SAM as methyl donor .
We suggest that the DmetK strain methylates homocysteine with both SAM and methyl-tetrahydrofolate. However it cannot make enough methyl-tetrahydrofolate to meet its needs for methionine synthesis from homocysteine. We suggest that an external supply of SAM inhibits the synthesis or use of methyl-tetrahydrofolate, making the strain dependent on mmuM as we have shown it to be. This use of SAM to provide methionine would also contribute to the much lower yield from SAM in minimal medium than in LB, which we have also observed (Fig. 3a) .
The double role of E.C.2.1.1.10 is another example of the fact that an enzyme in the cell acts according to its structure and environment and not according to the name we give it. For example, the enzyme threonine deaminase, biosynthetic, coded by ilvA, deaminates serine as efficiently as it deaminates threonine but is known as a threonine deaminase because it is on the pathway from threonine to isoleucine (Isenberg & Newman, 1974) . Our concept of it does not prevent it from deaminating serine if a molecule of serine ventures into its vicinity. Similarly, homocysteine methyltransferase uses methylmethionine much more efficiently than SAM as methyl donor and has consequently been called a methylmethionine homocysteine methyltransferase. However it doesn't usually find methylmethionine in its cytoplasm, as E. coli does not have a biosynthetic pathway leading to this compound and our lab strains have not usually been grown in its presence. It also doesn't usually find the enantiomer of SAM, (R)-SAM, which it can use as a methyl donor, unless it is presented exogenously, as discussed below. Therefore MmuM could equally well be called a SAM homocysteine methyltransferase. It can handle either substrate and may never see either. Enzymes with several possible metabolic roles occur frequently, but are not discussed often enough, as reviewed by D'Ari & Casadesú s (1998).
The role of (R)-SAM and (S)-SAM enantiomers
The preceding discussion describes the use of SAM-e purified with Reinecke salt as an exogenous source of SAM. SAM has one biologically relevant chiral atom, with (R)-and (S)-enantiomers at its sulfonium atom.
E. coli, yeast and other cells treat the (R)-and (S)-enantioners very differently. E. coli SAM synthase makes exclusively the (S)-enantiomer, and almost every one of the over 100 known SAM methyltransferases uses exclusively the (S) form (Cannon et al., 2002) . However homocysteine methyltransferase MmuM uses exclusively the (R) form, and it is the only known E. coli methyltransferase to do so. Given SAM-e, which, as we prepare it, contains 50 % of each enantiomer, E. coli can use the (S) form for the myriad reactions of SAM, but can derive methionine only from the (R) form.
(R)-SAM is produced by the spontaneous epimerization of (S)-SAM, a process which goes on continuously in solid or in liquid until an equilibrium of about 1 : 1 is reached (Vinci & Clarke, 2007) . If (S)-SAM accumulates to any significant extent in the cell, and remains there unmetabolized for a significant amount of time, then (R)-SAM must also accumulate. Since the rate of epimerization is relatively slow, a cell growing in exponential phase would make (S)-SAM via SAM synthase and use it so quickly that there would be no chance for significant epimerization to (R)-SAM. However this might not be true of stationary phase cells, spores, or frozen cultures.
In practice spontaneous epimerization of SAM stored in acid is slow enough that elaborate precautions to prevent it are not required. The experiments reported here with enzymically synthesized (S)-SAM were done with a preparation made with SAM synthase in vitro, purified and sent to us by FEDEX in acid solution (50 mM sulfuric acid). After storage at 220 u C for two weeks, this still behaved as relatively pure (S)-SAM as seen from our experiments.
Nonetheless, SAM does undergo intracellular epimerization at a relatively rapid rate (Vinci & Clarke, 2010) . Yeast cells accumulate both (R)-and (S)-SAM for the first 72 h of incubation. In the parent strain, (S)-SAM levels drop after that time, while (R)-SAM levels remain low and steady throughout. However, if the cells lack both (R)-SAM degrading enzymes, the level of (R)-SAM increases steadily, reaching a level of 40 % (i.e. close to equilibrium) after about 250 h.
The earliest published measurement of the proportions of the SAM sulfonium enantiomers seems to be 18 % (R)-SAM (Stolowitz & Minch, 1981 ). Hoffman presented a surprising variety of such values in different preparations, from Sigma 20.7 % to Boehringer Mannheim 31.4 % (Hoffman, 1986) . A high value of 47-50 % (R)-SAM (approximately the equilibrium value) was reported for SAM-e purified as in this work (Cannon et al., 2002) . The proportion of (R)-SAM is not specified in commercial preparations. The only way we know (now) to have a pure (S)-SAM preparation is to make it enzymically from Lmethionine via SAM synthase like the enzymic preparation so kindly provided by Squire Booker.
Since assaying (R)-SAM content requires considerable equipment, we suggest a simple biological test for the proportion of (R)-SAM in any preparation. A metBmutant provided with the SAM transporter can derive methionine from (R)-SAM but not (S)-SAM ( Fig. 1) while an mmuM-deficient metB 2 double mutant cannot. By assessing total SAM via UV absorption, and the amount of (R)-SAM by assay with metB 2 mutants with and without functional MmuM, one could have an accurate estimate of the enantiomer content.
SAM and methylmethionine metabolism in yeast
Yeast SAM metabolism is even more complex than that of E. coli. Yeast makes its own SAM transporter, two SAM synthases and not one but two SAM-homocysteine methyltransferases, SAM4 and MHT1, both of which use (R)-SAM as a substrate. MHT1 also uses methylmethionine and thus resembles E. coli MmuM (Vinci & Clarke, 2007) while SAM4 uses both forms of SAM, with a preference for the (R) form, but doesn't use methylmethionine. The yeast transporter assures SAM uptake. E. coli cannot take up SAM at all, but mmuM is the second gene of the mmuPM operon. A strain deficient in the first enzyme, MmuP, cannot transport methylmethionine and therefore cannot use MmuM to metabolize it .
The yeast methyltransferases both clearly function as regulators of (R)-SAM content. A yeast mutant deficient in both enzymes accumulates (S)-SAM by de novo synthesis but also contains (R)-SAM, which it cannot degrade (Vinci & Clarke, 2010;  Fig. 2 ) and restoration of either gene prevents the accumulation of (R)-SAM. This supports the idea that MmuM may have the physiological role of preventing (R)-SAM accumulation in endogenous SAM metabolism even in wild-type E. coli. MmuM would act only on the inevitably formed (R)-SAM, avoiding its accumulation. Because (S)-SAM is used as fast as it is synthesized, MmuM probably doesn't see much substrate. However, under emergency conditions where growth is slowed or halted, (S)-SAM may accumulate, (R)-SAM accumulation would follow and MmuM would be needed. On the other hand, MmuM is repressed by high levels of methionine and therefore MmuM would only use SAM as methyl donor when methionine is limiting.
A comparison of different SAM preparations used in growth studies SAM used in earlier studies or produced commercially currently is extracted from yeast cells, and will contain both isomers, to varying and unknown extents depending on storage time and conditions. Commercial producers measure SAM accurately but do not usually determine the enantiomer content. (R)-SAM may accumulate to equilibrium amounts (about 47 %) in the period of up to 12 months prior to sale. The use of SAM as a possible antidepressive agent has resulted in its being available in huge quantities at very low prices. However the exact composition, and even the time between preparation and sale, is rarely known. The effect of (R)-SAM on humans has not been widely studied as far as we know.
SAM is also chemically unstable, so assessing SAM concentration by UV absorption is not very reliable. Iwig & Booker (2004) describe in impressive detail two degradation mechanisms which lower the actual SAM content while preserving UV absorbing material which is not SAM. Both reactions occur at alkaline pH, so SAM stocks are kept in acid.
Fortunately our findings do not depend on a more pure form of SAM, and in fact we discovered the role of MmuM in providing the metK mutant with methionine because we unwittingly used both (R) and (S) forms. However, we would certainly use enzymic synthesis of SAM for any future studies.
Growth and cell division
As noted in the introduction, SAM is a highly reactive molecule used in a large number of reactions (Keseler et al., 2011 ). An exogenous supply of SAM probably increases the intracellular SAM pool, altering cell metabolism and growth. Because lab strains of E. coli never encounter SAM and in any case could not transport it, they have not evolved controls on SAM synthesis to accommodate extracellular SAM. Further, the metabolic effects of high SAM concentration may well be accidental by virtue of its resemblance to other metabolites. Thus an inhibition of MetE, MetF and/or MetH at high internal SAM concentrations would be either fortuitous or also seen but hitherto unnoticed, at the usual lower intracellular SAM concentration.
High SAM concentration also probably affects the onset of cell division. MEW649 cells are about twice the length of its parent's cells. Thus strain MEW649 switches from the wall elongation enzymes to the crosswall synthesizing ones at twice the usual length (Margolin, 2009) . The increase in length is not matched by an increase in diameter. Indeed, in the thousands of cells we measured, the diameter never increased by more than 50 %. This is consistent with the idea that some reaction regulating length is directly affected in our mutant.
The timing of the switch to crosswall is not only delayed compared to the parent strain but also less reliable since a small proportion of SAM-starved cells are much longer, even up to 89 mm long. This resulted in a random assortment of filaments of varying lengths (Fig. 6) .
When a strain carrying the metK84 mutation is depleted of SAM synthase, it forms long filaments with only three proteins in the FtsZ rings, FtsZ itself, ZipA and FtsA (Wang et al., 2005) . We have not studied the incorporation of these or other proteins into FtsZ rings of MEW649 DmetK. However we note that, because a large amount of SAM is used for methionine biosynthesis, the concentration of SAM available for methylation may be decreased below the required threshold for division upon SAM starvation. We suggest that the signal for starting the crosswall may in fact be a methylation of a critical protein, a suggestion made earlier for other reasons (Zhang et al., 2010) .
